Abstract-The frequencies of hearing impairment (HI), vision impairment (VI), or dual (hearing and vision) sensory impairment (DSI) in patients with blast-related traumatic brain injury (TBI) and their effects on functional recovery are not well documented. In this preliminary study of 175 patients admitted to a Polytrauma Rehabilitation Center, we completed hearing and vision examinations and obtained Functional Independence Measure (FIM) scores at admission and discharge for 62 patients with blast-related TBI. We diagnosed HI only, VI only, and DSI in 19%, 34%, and 32% of patients, respectively. Only 15% of the patients had no sensory impairment in either auditory or visual modality. An analysis of variance showed a group difference for the total and motor FIM scores at discharge (p < 0.04). Regression model analyses demonstrated that DSI significantly contributed to reduced gain in total (t = -2.25) and motor (t = -2.50) FIM scores (p < 0.05). Understanding the long-term consequences of sensory impairments in the functional recovery of patients with blast-related TBI requires further research.
INTRODUCTION
Traumatic brain injury (TBI) affects an estimated 1.5 million Americans each year, causing approximately 50,000 deaths and resulting in significant disability and societal cost [1] [2] . In the adult civilian population, common causes of TBI include motor vehicle accidents, falls, gunshot wounds, and assaults. Among soldiers returning from Operation Iraqi Freedom (OIF) and Operation Enduring Freedom (OEF), the incidence of TBI is, by some estimates, as high as 15 percent [3] . Thus, TBI has been referred to as a "signature wound" of the Global War on Terrorism [4] .
Military servicemembers equipped with advanced body armor designed to protect vital organs are surviving injuries from explosive devices and rocket-propelled grenades that would have been fatal in the past [5] . Blastrelated injuries from explosive devices are estimated to be responsible for 60 percent of TBI in military personnel [6] . As these patients present to Department of Veterans Affairs (VA) Polytrauma Rehabilitation Centers (PRCs), they pose unique and complex rehabilitative challenges for clinicians. Investigating the consequence of blastrelated injuries is timely and necessary, given the influx of wounded veterans with TBI from OIF/OEF [7] .
Because of the traumatic nature of TBI, concurrent damage to the auditory system can occur anywhere from the outer ear, middle ear, and inner ear to the auditory cortex, resulting in impaired auditory function [8] [9] [10] [11] . Although the current literature suggests hearing impairment (HI) is prone to occur, it does not adequately describe the characteristics of HI associated with blastrelated TBI [11] [12] . Vision impairment (VI) is also commonly noted in patients with blast-related TBI [13] [14] . Given the occurrence of both HI and VI in the population with blast-related TBI, a subset of patients with TBI likely experiences impairments to both sensory systems. To date, the literature has not well described the occurrence of this dual sensory impairment (DSI) in TBI. One study of non-TBI VA outpatients reported an overall prevalence of DSI in patients ≥65 years old as high as 7.4 percent; in a subsample of patients <65 years old, DSI was not reported [15] . During the rehabilitation process, patients with DSI may encounter more challenges than sensory-intact patients with TBI, especially with tasks requiring visual and/or auditory communication. However, the functional consequences of DSI in persons recovering from TBI are also unknown.
While many TBI studies on the civilian population exist, less is known about OIF/OEF patients who have incurred blast-related TBI [2] . The purpose of this study is twofold. First, we describe the occurrence of documented HI only, VI only, and DSI in OIF/OEF veterans who sustained blast-related TBI and received treatment at a PRC. Second, we determine the effect of HI only, VI only, and DSI on these patients' (1) functional status at admission, (2) functional status at discharge, and (3) functional improvement during rehabilitation as measured by the Functional Independence Measure (FIM). We hypothesized that patients with DSI would have poorer FIM scores at admission and discharge and make fewer functional gains during rehabilitation than patients with a single sensory (auditory or visual) impairment or no sensory impairment (NSI).
METHODS

Participants
Data were extracted from comprehensive record reviews of 175 patients with TBI admitted to a PRC between December 2004 and March 2008 (40 months). We included only patients not previously admitted to the PRC for TBI treatment. The sample was divided into four subgroups based on diagnoses of sensory impairments, specifically HI only, VI only, DSI, and NSI ( Figure) .
Auditory Assessments
Patients saw the audiology consult service and underwent immittance and pure tone audiometric evaluations. Clinically certified audiologists used the QT1 Quik Tymp Tympanometer (American Electromedics Corp; Amherst, New Hampshire) to determine the integrity of the tympanic membrane and middle ear/ossicular system. [11] . Pure tone thresholds were obtained using the modified HughsonWestlake procedure [16] . Audiologists conducted the examinations in a double-walled, sound-treated booth using a Grason-Stadler GSI 61 clinical audiometer (CareFusion; San Diego, California). Air-and bone-conduction audiometric thresholds were assessed to quantify the peripheral hearing function at different frequencies [17] . For the purposes of this study, we classified HI severity based on the poorest audiometric threshold in the poorer ear at any frequency (across thresholds of 250, 500, 1,000, 2,000, 4,000, and 8,000 Hz): (1) mild hearing loss (HL), 26 to 40 dB; (2) moderate HL, 41 to 60 dB; (3) severe HL, 61 to 90 dB; and (4) profound HL, >90 dB.
Visual Assessments
The optometric and ophthalmologic teams performed vision assessments. A previous study described specific elements of the vision examination protocol [13] . It consists of vision status self-report before and after injury; distance and near visual acuity clinical measurements; visual field status; binocular vision status; and other vision measures, including reading speed and comprehension assessments. We examined patients at bedside if they had insufficient mobility to travel to the eye clinic for a traditional examination. Visual acuities were assessed using the Feinbloom chart (Lighthouse International; New York, New York) at a distance of 10 feet. Acuity cards with single numbers were used if a patient was nonverbal but able to respond to yes/no questions by head nod or finger indication. Optometrists measured near acuities using text, single words, triple digits, or single digits, depending on the patient's abilities. We based visual acuity on bestcorrected refraction of the better eye, depending on the level of cooperation and existing corrections provided by the patient.
For the purposes of this article and to reflect VA eligibility for vision rehabilitation services, the definition of visual acuity impairment was based on the International Classification of Diseases-9th Revision (ICD-9) classification [18] . Normal and near-normal measurements were combined into a single level, defined as visual acuity between 20/20 and 20/63, because patients with these acuities would typically be ineligible for services. Patients with ICD-9 levels of moderate, severe, and profound VI were combined into a single category, defined as visual acuity ranging from <20/63 (e.g., 20/70) to 20/1,000, because all would be eligible for VA vision rehabilitation services. Patients with hemianopsia comparable with a VI of ≤20° were also considered to have VI and would be eligible for VA vision rehabilitation services. Blindness was classified as a visual acuity of <20/1,000 or bilateral enucleation, because these patients would receive blind rehabilitation services rather than low-vision rehabilitation services. To encompass the full range of VI reported in this population and to be consistent with current VA guidelines, patients with binocular dysfunction were included in the group with VI.
Functional Assessments
The FIM was the primary outcome measure used to assess functional status during inpatient rehabilitation. This measure is an 18-item, 7-level ordinal scale that assesses patients' functional independence. It comprises a motor subscale (13 items of self care, mobility, locomotion, and sphincter control) and a cognitive subscale (5 items of communication and social-cognition), with total scores ranging from 18 to 126. A higher score denotes a higher level of functional independence. Though not well-known as being sensitive to changes in cognitive and communicative function, the FIM is a valid measure of functional independence in individuals with TBI [19] . All PRC healthcare providers who administered the FIM were required to pass the credentialing test to ensure the accuracy and uniformity of their assessments. The FIM data were stored in the Functional Status Outcomes Database. As a hospital policy, healthcare providers completed FIM scores within 72 hours of patient admission and at discharge.
Traumatic Brain Injury Severity
TBI severity was categorized as mild, moderate, or severe using accepted clinical diagnostic criteria, including Glasgow Coma Scale (GCS) score at time of acute care presentation, duration of posttraumatic amnesia (PTA), and/or duration of posttraumatic loss of consciousness (LOC). Mild TBI was defined as an initial GCS score of 13 to 15, PTA duration of <1 day, or LOC duration of <1 hour. Moderate TBI was defined as an initial GCS score of 9 to 12, PTA duration between 1 day and <1 week, or LOC duration between 1 and 24 hours. Severe TBI was defined as an initial GCS score of 3 to 8, PTA duration of >1 week, or LOC duration of >24 hours. Because most patients did not have all three clinical diagnostic criteria available in their medical records, the TBI severity rating was based on the most severe categorization of the GCS score, PTA, or LOC.
Data Collection
The Stanford University Institutional Review Board and VA Research and Development Committee approved the protocol for this study. We performed a retrospective chart review on all new admissions between December 1, 2004, and March 31, 2008. Data on demographics, hospitalization course, and HI/VI were obtained from the Computerized Patient Record System. Experienced clinical staff who worked with a wide variety of disabilities related to patients with polytrauma documented the medical records. They routinely submitted auditory and visual consultations for patients with blast-related TBI. Appropriate devices were prescribed to facilitate communication between staff and patients with communication deficits. None of the records we reviewed indicated that communication problems interfered with the clinicians' ability to conduct their examinations.
Statistical Analysis
Occurrence and co-occurrence of HI and VI was determined after reading reports from the audiology and optometry/ophthalmology consulting services. To evaluate the relationship between various types of sensory impairments and changes in functional status, we employed analysis of variance (ANOVA) for continuous outcomes and followed up with Tamhane's T2 (equal variances not assumed) post hoc t-tests. Dependent variables included FIM (total, motor, and cognitive scores) at admission and discharge and improvement between admission and discharge (admission FIM to discharge FIM). Finally, to evaluate significant predictors of FIM score changes from admission to discharge, separate multiple regression analyses for total, motor, and cognitive FIM scores were performed. Variables simultaneously entered into these models were overall function at admission (total FIM score at admission), sensory impairment status (HI only, VI only, DSI), age, time since injury, and TBI severity (mild, moderate, severe).
RESULTS
Participant Demographics
The medical records of 175 patients with TBI who were admitted to a PRC were reviewed. Hearing and vision evaluations were ordered for the 79 patients with blast-related TBI (Figure) . Of these patients, 17 did not receive one or both of these evaluations because of missed appointments, short lengths of stay, or unresponsiveness due to severity of injury. The 62 patients who completed both hearing and vision examinations had a mean age of 27.3 years (standard deviation 7.0 years; range: 19-47 years). The majority were male (n = 58; 93.5%), Caucasian (n = 46; 74.2%), and the average time since injury was 238.5 days. The Figure shows the flowchart of the population and describes the incidences of HI only, VI only, and DSI diagnoses made by the hearing and vision consulting services during inpatient rehabilitation.
Distribution of Sensory Impairments
Among the 62 patients who received evaluations by both audiology and optometry/ophthalmology consultations, we diagnosed sensory impairments in 53 (85.5%) of the cases. We found NSI in 9 (14.5%) and HI only, VI only, and DSI in 12 (19.4%), 21 (33.9%), and 20 (32.3%) of the patients, respectively.
Relationship Between Sensory Impairment and Functional Independence Measure
Total, Motor, and Cognitive Functional Independence Measure Table 1 shows the total, motor, and cognitive FIM scores at admission and discharge, and the change over time, stratified by sensory impairment group. A visual inspection of the mean values shows that the HI only group had lower FIM scores at admission, though this pattern was not statistically significant (F(3, 58) = 0.69, p > 0.05). Overall, the patient groups did not differ in any of their FIM scores at admission. At discharge, however, ANOVA showed the groups differed in total FIM scores (F(3, 58) = 3.05, p < 0.04) ( Table 1) . A post hoc analysis indicated that this effect was marginally driven by the DSI group showing lower FIM scores than the NSI group (p < 0.09). The HI only group had a pattern of largest functional improvement between admission and discharge, but this effect was not statistically significant (F(3, 58) = 0.49, p > 0.05). As a whole, all patient groups demonstrated functional improvement over time (with increased FIM scores), but no group distinguished itself from any other at a statistically significant level.
Motor Functional Independence Measure Subscales
At admission, no significant differences were observed between any of the groups. At discharge, the DSI group consistently presented with lower scores in all four subcomponents of the motor FIM (self-care, mobility, locomotion, and sphincter control); however, the group mean values differed significantly only in the self-care subcomponent (F(3, 58) = 2.93, p < 0.05). A post hoc comparison indicated that this effect was marginally driven by the DSI group having poorer self-care than the patients with NSI (p < 0.09). Although we observed improvements in all motor FIM scores in all patients over time, we found no significant differences between groups as reflected in their score changes (p > 0.05).
Cognitive Functional Independence Measure Subscales
At admission, we found no clear trend to distinguish the groups' communication and social-cognition scores.
At discharge, while no statistically significant difference between groups existed, the DSI group trended slightly lower on both cognitive subcomponents. Although all groups showed some level of improvement between admission and discharge, we found no statistically significant differences between groups on the cognitive FIM score changes (p > 0.05). Table 2 shows the distribution of TBI severity stratified by sensory impairment group. Cases of mild and severe TBI occurred equally (n = 25 in each category) and slightly more than twice as frequently as cases of moderate TBI (n = 12).
Traumatic Brain Injury Severity
Regression Analyses
Multiple regression analyses were performed to determine significant predictors of total, motor, and cognitive functional change as measured by the FIM gain between admission and discharge. Table 3 shows that the total FIM score at admission was a significant negative predictor of total, motor, and cognitive FIM score changes. In addition, DSI significantly contributed to reduced total and motor 12.4 ± 16.0 9.6 ± 14.7 2.8 ± 2.8 * For total and motor FIM scores at discharge, group with DSI scored marginally lower than group with NSI (p < 0.09). DSI = dual sensory impairment, HI = hearing impairment, NSI = no sensory impairment, VI = vision impairment. Table 2 . Traumatic brain injury (TBI) severity stratified by sensory impairment group. FIM score changes but did not have a significant effect on cognitive FIM change.
Sensory Impairment
TBI
DISCUSSION
Several limitations of the current study prevent us from making generalizations. First and foremost, this is a preliminary study with a small sample size (n = 62). Moreover, not all of the 175 PRC patients received both the requested examinations, nor did the participants receive the same intensity of rehabilitation because of missed appointments, short lengths of stay, or unresponsiveness due to severity of injury. In addition, although the vision evaluation involved both peripheral and central components, the audiology evaluation did not assess central auditory function. This lack of central auditory testing may account for the low percentage of patients in the HI group. Central auditory testing should be included in follow-up studies.
However, our data did show a higher occurrence of DSI in patients with blast-related TBI (32%) than in a non-TBI VA outpatient sample (who also had both hearing and vision examinations completed) [15] . The observation of DSI reported in Smith et al.'s patient sample with non-TBI ranged from 0 (<65 years of age) to 22 percent (>85 years of age), with an overall prevalence of 7.4 percent [15] . Their finding suggested that DSI was typically not seen in the traditional VA population until they were >65 years old. Yet in the present cohort with an average age of 27 years, 32 percent of the patients had been diagnosed with DSI. This finding may suggest an alarming trend in this new generation of veterans; i.e., premature deterioration in auditory and visual function that will likely have long-term consequences.
The ANOVA between the dependent variable of FIM score and independent measures of HI only, VI only, DSI, and NSI did not reveal any statistically significant findings. We hypothesize that this was because of the relatively small group sizes; therefore, our ANOVA lacked sufficient power. Future studies with larger samples are needed to more fully explore the potential mean differences between groups and functional outcome. We performed a regression model analysis to determine which factors significantly contributed to functional rehabilitation outcome. This analysis demonstrated a strong inverse relationship between function at admission and overall functional improvement. This pattern is frequently observed in the general inpatient rehabilitation population; patients with relatively high levels of functionality at admission may have fewer new tasks to master before they are independent in all categories measured by the FIM. More intriguing, however, we found DSI to negatively predict functional gain during the inpatient stay, indicating that an impairment in both hearing and vision modalities either reduces or impedes functional recovery. Of note, we diagnosed 40 percent of patients with severe TBI. However, the regression analysis demonstrated that level of TBI severity was not a significant predictor of change in FIM scores. This further suggests that the presence of DSI, independent of degree of TBI severity, predicts poorer functional gain. We would expect that having HI, VI, or DSI would be detrimental to cognitive performance. However, while DSI negatively predicted gain in the FIM total and motor scores, it did not have an effect on the FIM cognitive subscales of communication and social-cognition. The lack of an effect may be because of FIM's low sensitivity for addressing subtle changes in cognitive function. In follow-up studies, more comprehensive assessment with other established neuropsychological measures may be warranted.
Although not assessed in the current study and not usually categorized as HI, vestibular disturbances are common in patients with TBI and may also contribute to decreased participation in rehabilitation and lesser FIM gains during inpatient stays. By evaluating vestibular symptoms together with auditory and visual symptoms, future studies may provide a more complete view of functional capacities and limitations in this population and lead to the development of rehabilitation techniques that allow clinicians to optimize rehabilitation for DSI patients with TBI. Future studies should also consider the operational definition of the hearing component of DSI. Detailed discussions on the complexity associated with defining DSI are available elsewhere [15] .
Previous literature shows that DSI in the geriatric population has been associated with more depressive symptoms [20] [21] . In comparison to single sensory impairment, DSI is also associated with lower healthrelated quality of life [22] . Given the relative young age and the complexity of injury of this new veteran population, healthcare systems must anticipate how this cohort will experience multiple functional problems as they age.
Unfortunately, our study did not have enough power to stratify and analyze patients by the mechanism through which the injuries occurred. Also, as a retrospective chart review, our study did not include a control population, raising the question of whether DSI impedes FIM progress in general or just in the population with TBI. Further studies comparing inpatient rehabilitation populations with and without TBI could address this issue.
CONCLUSIONS
The present study demonstrates that HI and VI are both commonly associated with blast-related TBI. It also suggests that DSI may be detrimental to functional recovery in the rehabilitation process. Our study encourages clinicians caring for patients with TBI to address this issue more promptly and comprehensively. Recently, the VA adopted a policy that all PRC inpatient TBI admissions with sufficient duration will need to receive vision consultation services [23] . Ostensibly, such consultation would also be applied to auditory examinations, because implementation of both examinations should probably be synchronized.
We hope that results from this preliminary study may stimulate additional research efforts and provide insight for clinicians regarding the effect of sensory impairments on TBI rehabilitation.
